In the present contribution the temperature distribution in the selective beam melting process for polymer materials is simulated to better understand the influence of process parameters on the properties of the produced part. The basis for the developed simulation tool is the nonlinear heat equation including temperature dependent functions for the heat capacity and the heat conduction which were obtained by experimental measurements. The effect of latent heat occurring in the process is also taken into account. The heat equation is discretized in time and space where a Runge-Kutta method of Radau IIA type is used for time integration. An adaptive finite element method is applied for the discretization in space and the model is implemented into the finite element library deal.II. The heat and cooling rate as important process parameters are simulated for different beam velocities. The ability for computing these process parameters makes the simulation tool suited for optimizing the process management of selective beam melting plants.
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INTRODUCTION
In the selective beam melting process, the energy of a laser or electron beam is used to fuse powder material in defined, locally-restricted points in the current powder layer. The powder is molten into the already fused and recongealed material of the previous layers. In this way geometrically complex parts are built additively layer-by-layer whereby the powder particles undergo a phase change from a powder particle to a melt and then to a solid. In the selective beam melting process various powder materials can be used in order to manufacture the part. The optimal process parameters are completely different for each material, even if materials belong to the same material class, e.g. polymers. Therefore the process parameters must be determined separately for each material. In addition extreme temperatures and temperature gradients appear during the process and have a strong influence on various properties of the manufactured part, e.g. residual stress or dimensional accuracy. Hence it is necessary to gain a better understanding of the influence of the process parameters in order to optimize the process and thus the properties of the part. To this end modeling and simulation of the selective beam melting process is applied. Modeling approaches range from very basic onedimensional models with many simplifications to highly complex three-dimensional models that consider extensive detail of the whole selective beam melting process. Moreover simulations were performed for different materials, e.g. polymers and metals. The selective beam melting process was simulated in three dimensions for metals in [1] and [2] . In both contributions a thermo mechanical model was developed in order to compute residual stresses by using commercial simulation tools on the basis of the finite element method. In contrast in [3] and [4] the heat equation was adopted to model the temperature distribution in the selective beam melting process for metallic materials in three dimensions. In these contributions commercial tools were used to simulate the temperatures occurring in the process. In the present work a simulation tool is developed on the macroscopic level which simulates the selective laser melting process of PA12 and computes the temperature distribution during the building procedure. The simulation tool relies on the nonlinear heat equation where the nonlinearity is induced by the heat capacity and the heat conduction as they are both nonlinear functions of temperature. Moreover the variation of heat capacity with temperature which is used in the simulation includes the effect of latent heat which appears in the process due to phase-changes. In order to guarantee good accuracy and numerical stability of the solution, a Runge-Kutta method of Radau type is applied to integrate the heat equation in time. The spatial discretization of the heat equation is done by employing an adaptive finite element method and the whole model is implemented by means of the finite element library deal.II [5] . In the present contribution the simulation tool is applied to compute the heat rate, a basic process parameter, for various beam powers and velocities. Furthermore the cooling rate is simulated at selected points in the simulation space. 
THERMAL MODEL AND SIMULATION

Governing equation and discretization
The equation describes the heat transfer during the process from a macroscopic point of view, i.e. the powder is considered as a continuum. The investigations in this work are focused on the melting of the polymer material within a time span of less than one second of the laser melting process. Hence only the powder and molten material state are included, since the molten material has not enough time to solidify. As the melting of the material is dominated by heat conduction, this heat transfer method is the only one to be taken into account. The neglect of convection and radiation is justified, since both effects become more important for the cooling down of the material which would require considering longer time spans. The heat transfer equation consists of three different terms: the term on the left hand side characterizes the evolution of temperature in time t, with the heat capacity c and the density . The term containing the heat conductivity K describes the phenomena of heat conduction and the heat source term f represents the energy induced by the laser beam.
The heat equation Eq. 1 is integrated in time by applying a fully-implicit Runge-Kutta method. This method is of accuracy order five and a member of the so called Radau IIA Runge-Kutta methods. Hence a very precise and numerically stable solution for the temperature distribution is obtained as Radau IIA methods have very good stability properties. Furthermore a spatial discretization of the equation is necessary which is done by adopting the finite element method. The model is implemented by means of the C++ library deal.II which is specialized on adaptive finite elements.
Material parameters
The material parameters required to solve the transient heat equation are heat capacity, density and heat conductivity. In the simulations different material parameters are used for the powder and molten material state where each finite element represents either powder or molten material. As the powder and molten material are assumed to be a continuum respectively, the material parameters are considered as effective values for each material state. The effective values for the conductivity and capacity of the powder and molten polymer material PA12 were measured in [6] for the temperature ranges that are relevant in the process. The obtained evolutions are shown in Fig. 1 whereby the heat capacity was measured by DSC. Therefore the effect of latent heat is included in the heat capacity in terms of the peak at 187 ºC. At this temperature the peak of the heat capacity results from internal phase changes in the material PA12. The conductivity and capacity for temperatures below the melting temperature refer to the powder material state whereas the sections above the melting temperature represent the conductivity and capacity for the molten state. The heat conductivity of the powder state is lower than the one of the molten state which is due to the porous character of the powder material. As the conductivity of solid PA12 differs normally not much from the one of molten PA12, the heat conductivity of the powder state is also smaller than the one of the solid state. Therefore the powder material acts like a thermal isolator which hinders the molten and solidified material to cool down by heat conduction. This results in heat convection and radiation becoming more important for the cooling down of the produced part which is not considered in this work due to the short time span.
Modeling of the laser beam
The energy input of the laser beam is modeled as volumetric heat source which moves along the current powder layer. The geometry of the heat source is assumed to be a hemisphere, as experiments showed that the laser induces a temperature distribution in the polymer material PA12 which approximately has the shape of a hemisphere. In contrast to other geometries, e.g. cone, and other models, e.g. Beer Lambert penetration volume, the hemispherical model is also simple to implement numerically. The distribution of the power density I [W/m³] in the hemisphere is characterized by
. (2) The parameters A and [m -1 ] represent the absorption factor and absorption length, respectively and P [W] constitutes the power of the beam induced into the material. The factor A was measured experimentally. For this purpose PA12 powder was heated up to a prescribed known temperature and the temperature of the powder was measured additionally by using an infrared camera. The emissivity of the powder was determined by varying it until the temperature measured by the camera matched the prescribed one. Afterwards the absorption factor A of the PA12 powder was computed from the identified emissivity. According to [7] the parameter is assumed to be equal to d p -1 where d p [m] represents the average powder particle diameter. The radius of the beam spot is r b [m] and the variables x, y and z describe a Cartesian coordinate system which has its origin in the center of the circular beam spot. The x-y plane is parallel to the plane of the powder layer and z is perpendicular to the x-y plane pointing in the direction of previous powder layers.
Adaptive mesh refinement
In the selective beam melting process extreme temperatures and temperature gradients arise in the region of the beam as the beam induces a large amount of energy in a comparatively small volume of material. Since these high temperatures are responsible for the melting of the powder material it is inevitable to know them accurately. Therefore the huge temperature gradients have to be captured by using a very fine finite element mesh in the area of the beam. On the other hand the mesh in the remaining simulation space should be kept as coarse as possible to save computing time. This issue makes it necessary to apply an adaptive refinement of the finite element mesh in the vicinity of the beam. The refinement strategy which is used in this work is two-pronged. At first the mesh in the region of the current position of the beam is refined multiple times as the beam position at any time is known from the predefined scanning path of the beam. After that the heat equation is solved on this prerefined mesh. If the computed temperature gradient is still higher than a specific threshold the mesh is refined once more. This procedure is repeated until the temperature gradient is lower than the threshold. The described refining strategy reduces the computing time significantly as the heat equation is not solved in every refinement step.
Methods for simulating heat and cooling rate
The velocities of heating up and cooling down the material in the selective beam melting process have a strong influence on the properties of the polymer material during the process and therefore also on the material properties of the produced part. The developed simulation tool is applied to compute the heat and cooling rates. The way of calculating the heat rate is depicted in Fig. 2 . The cooling rate is computed at point C, while the beam moves further along the straight path. After the beam has passed point C the temperatures at the node are captured in every following time step. These data are used to derive the cooling rate as a function of time.
RESULTS AND DISCUSSION
Simulation data
The temperature distribution in the selective beam melting process is simulated by using a simple geometry, a powder block of 40×20×30mm³, which is shown in Fig. 3 . On the top surface of the block the path of the laser beam describes a straight line of 16mm length and the heat flux q [W/m²] is assumed to be zero which represents a Neumann boundary condition. At all other surfaces a constant temperature of 172°C is prescribed. The velocity, diameter and power of the beam are v b = 0.430m/s, d b = 400 m and P = 3.66W, respectively and the absorption factor and length are given by A = 0.33 and = 16666m -1 . The time step size for the time stepping scheme is 0.00002s and as initial condition a constant temperature of 172°C is prescribed. For the spatial discretization linear finite elements with a Gaussian integration scheme of order three are applied. 
Results for the temperature distribution
The temperature distribution computed with the simulation tool is illustrated in Fig. 4 for various times. The results show a maximum temperature of 289°C which is always located at the current position of the laser beam. Furthermore the powder material heats up radially from the perspective of the actual beam position. The beam leaves a very long, narrow trail of molten powder material behind which implies that the time between melting and solidification of the material is quite long. This phenomenon is due to the low heat conductivity of the polymer powder material which restricts the heat flow from the melt into the nonmolten powder material. In addition the cooling rate of the molten material is also decreased by the effect of latent heat which is taken into account. The heat of crystallization which is stored in the liquefied material has to be emitted so that the melt is able to solidify. The release of the heat is only possible by heat conduction and therefore restrained by the low heat conductivity of the powder material. Moreover it is observed that the powder material does not only melt in the area of the beam spot but also in its vicinity. This is caused by the conduction of heat from the inner area of the beam spot into the surrounding region. In summary the results appear to be reasonable and coincide well with experimental results.
Results for the heat and cooling rate
The heat rate was computed by using various velocities and two different powers for the laser beam and is depicted in Fig. 5 . The simulated heat rates show similar behavior for the beam velocity for both beam powers. For small beam speeds the heat rate reaches its maximum value and decreases nonlinearly towards a minimum when the velocity is increased. This minimum value is about half of the maximum. The observed characteristics of the heat rate are feasible as the ratio of induced energy per time increases if the beam stays longer at the same material point due to a smaller velocity. Furthermore the heat rate is, as expected, higher for greater beam powers as more energy is induced into the material at the same beam velocities. The results for the cooling rate when using a laser power of 3.66W are displayed in Fig. 6 . The maximum cooling rates occur for slower beam velocities as the beam has more time to insert its energy into the material in this case. Therefore the material is heated up to a higher maximum temperature which results in a larger temperature gradient. In addition this gradient increases the ability of the material to conduct heat which implies a higher cooling rate. Furthermore the cooling rates in time for high beam velocities decrease faster which is based on the quicker achievement of the final temperature. This is caused by the lower maximum temperature and temperature gradient for faster laser speeds. The cooling rate for larger times is comparatively low which corresponds to the observation that the molten material needs quite a long time to solidify again. In comparison to the heat rate the cooling rate is much smaller and also strongly dependent on the beam velocity.
CONCLUSION
The developed simulation tool provides reasonable results for the temperature distribution occurring in the selective beam melting process for the polymer material PA12. The computed heat rate varies significantly when changing the power or the velocity of the beam. However, variations of heat rate with beam velocity show analog characteristics for different beam powers. The simulation of the cooling rate demonstrates a large dependence of the cooling rate on the beam velocity. Moreover the calculated values for the cooling rate are much smaller than the ones for the heat rate. In summary the simulation tool describes the selective beam melting process quite well. It is suited to compute the temperature distribution, the heat rate and the cooling rate during the process. These results will be used to optimize the selective beam melting process to obtain predictable properties of the produced part.
